Abstract The effect of preexisiting hyperglycemia on cerebral blood flow (CBF) and brain penetrating arterioles before and after 2 h of ischemia and 30 min of reperfusion was determined. Male Wistar rats that were either hyperglycemic (50 mg/kg streptozotocin; n=24) or normoglycemic (n= 24) were subjected to transient ischemia by filament occlusion or nonischemic. CBF was measured prior to ischemia using microspheres and during transient ischemia using laser Doppler. Edema was compared by wet/dry weights. Constriction to apamin, TRAM-34, and L-NNA, inhibitors of small-and intermediate-conductance calcium-activated potassium channels (SK and IK) and nitric oxide, were compared in penetrating arterioles from the ischemic hemisphere to investigate changes in basal tone and endothelium-dependent vasodilator responses. Preexisiting hyperglycemia did not affect CBF in nonischemic animals or after transient ischemia; however, edema was significantly greater. Ischemia and reperfusion caused decreased basal tone in penetrating arterioles similarly in normoglycemic and hyperglycemic animals that was restored by apamin, and further increased by TRAM-34 and L-NNA. The restoration of tone in penetrating arterioles by apamin and TRAM-34 suggests that transient ischemia activates SK and IK channels in penetrating arterioles. This effect of ischemia was not different between normoglycemic and hyperglycemic animals, suggesting that it was related to ischemia and reperfusion rather than hyperglycemia.
Introduction
Hyperglycemia is common in acute stroke, affecting 30-50% of patients, often without preexisting diabetes [1] [2] [3] [4] . Numerous studies have shown that admission hyperglycemia worsens stroke outcome and is an independent risk factor for death and disability following ischemic stroke [4] [5] [6] [7] [8] [9] . The risk of death in nondiabetic hyperglycemic stroke patients is increased 3-fold [9] , suggesting that it is hyperglycemia per se and not complications associated with diabetes that contributes to poor outcome in these patients.
In animal studies, hyperglycemia has also been shown to aggravate ischemic injury. Preexisting hyperglycemia increases infarction, edema formation, and hemorrhagic transformation during transient ischemia [10] [11] [12] [13] . Both metabolic derangements [13] and increased perfusion deficit due to poor reperfusion [10] [11] [12] have been shown to contribute to worsened outcome with hyperglycemic stroke. In addition, longer ischemia and more severe hyperglycemia appear to impact the vasculature to cause poor recanalization, suggesting that the vascular effects of hyperglycemia in worsening stroke outcome may be related to the duration of ischemia and degree of hyperglycemia [14] .
Although hyperglycemia occurs with all stroke subtypes, the detrimental effects of high admission glucose appear to occur only with cortical stroke and not lacunar. Several clinical and experimental studies have shown that hyperglycemia does not worsen outcome from lacunar stroke and in some studies, patients with hyperglycemia had better outcome than normoglycemic patients [8, [15] [16] [17] [18] . For example, results from the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) found that hyperglycemia worsened outcome in non-lacunar stroke, but not in lacunar stroke [8] . In addition, in the placebo arm of the TOAST trial, hyperglycemic patients with lacunar stroke had better outcome than normoglycemic patients. Further, a study that specifically compared the impact of hyperglycemia on outcome from lacunar and cortical strokes found that moderate hyperglycemia (between 8 and 12 mmol/L) significantly worsened outcome with cortical stroke, but was associated with more favorable outcome in patients with lacunar stroke [15] . The beneficial effect of hyperglycemia on lacunar stroke has also been suggested by animal studies. Animals with end-artery infarcts, as opposed to proximal middle cerebral artery occlusion (MCAO), had decreased infarct and better outcome with hyperglycemia [17, 18] .
The underlying mechanism by which hyperglycemia improves lacunar stroke is not clear, but has been suggested to involve lactate production in astrocytes and oligodendrocytes that protect axons in white matter [15] . Another possibility is that the effect of hyperglycemia and/or ischemia/reperfusion (I/R) has a different effect on the vasculature involved in lacunar vs. cortical strokes. The major vascular segment involved in lacunar stroke is the penetrating (lenticulostriate) arterioles [19] . Unlike the pial circulation, these arterioles are long and largely unbranched vessels without a collateral supply [20] . They have been shown to be functionally distinct from upstream arteries (e.g., MCA) in that they have greater basal tone and are unresponsive to some neurotransmitters (norepinephrine and serotonin) [21] . In addition, penetrating arterioles appear to have a greater influence of endothelium-derived hyperpolarizing factor (EDHF) on basal tone, compared to larger cerebral arteries, that can contribute to cerebral blood flow (CBF) [22, 23] . In a study comparing the effect of I/R on MCA and penetrating arterioles from the same animals, basal tone and EDHF responses were well preserved in penetrating arterioles after I/R, but not MCA, suggesting there are significant differences in how vascular segments respond to I/R [23] .
In the present study, we investigated the effect of hyperglycemia on the function of penetrating arterioles from within the MCA territory (lenticulostriates), including changes in endothelial function and basal tone. We also investigated how these vessels were affected after MCAO under normoglycemic and hyperglycemic conditions. In addition, because changes in CBF can affect outcome, we also measured CBF prior to and after MCAO in normoglycemic and hyperglycemic animals.
Methods

Animals
All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All animals were male Wistar rats (350-380 g) that were either normoglycemic (N=24) or hyperglycemic (N=24) for 6 days by streptozotocin (50 mg/kg i.p.). Glucose was measured on days 0, 1, and 6 by a commercially available glucose monitor (Accucheck).
Middle Cerebral Artery Occlusion
Some normoglycemic (n=12) and hyperglycemic (n=12) animals underwent MCAO for 2 h followed by 30 min of reperfusion by filament occlusion, as previously described [23] . Briefly, animals were anesthetized by a mixture of isoflurane in room air and oxygen. A mid-line incision was made, and the common carotid and external carotid arteries were exposed. After ligation of the common carotid artery, a 5-O monofilament coated with silicone was inserted into the external carotid artery and advanced into the internal carotid artery to the bifurcation with the middle cerebral artery. Reperfusion was accomplished by withdrawing the suture. Blood gases were maintained within normal ranges by adjusting the amount of inspired air and measured at the start, middle, and end of each surgery by a blood gas analyzer ( Table 1) .
Measurement of CBF
CBF was continuously measured during MCAO and for 30 min of reperfusion by laser Doppler flowmetry, as previously described [23, 24] . Briefly, the flow probe was affixed over a thinned area of skull posterior to the coronal suture and lateral to the sagittal suture over the middle cerebral artery perfusion domain. In addition, because acute hyperglycemia has been shown to affect CBF [25, 26] , we measured absolute CBF using microspheres in nonischemic normoglycemic (n=6) and hyperglycemic (n=6) animals. Briefly, under pentobarbital anesthesia, a catheter (PE50) was placed into the left ventricle via the carotid artery and fluorescent microspheres (shaken vigorously) were injected within 10-20 s. After 1 min, reference samples were taken from both brachial arteries at a known flow rate (0.21 mL/min). The animal was then euthanized by decapitation, and the brain was removed and processed for determination of fluorescence in both the reference samples and brain tissue. CBF was calculated by the equation CBF ¼ Ct ð Â100 Â QrÞ=Cr, where Ct and Cr are the counts in the tissue and reference samples, respectively, and Qr is the flow rate of the reference sample. CBF is expressed as mL per 100 g brain tissue per minute.
Measurement of Edema
Because dissection of penetrating arterioles destroyed brain tissue, infarction was not measured. However, in previous studies, we have found that infarction was ∼40% greater in similarly hyperglycemic animals compared to normoglycemic [27] . To assess the effect of MCAO on stroke outcome, edema was measured in normoglycemic (n=6) and hyperglycemic (n=6) animals by wet/dry weights. Briefly, ipsilateral and contralateral cerebral cortex (brainstem and cerebellum removed) were weighed wet then dried overnight at 90°C. The brain sections were then weighed dry, and the ratio of wet to dry weight for each hemisphere was used as a measure of edema.
Isolated and Pressurized Penetrating Arterioles
Isolation and mounting of penetrating arterioles in a pressurized arteriograph chamber has been previously described [23, 24] . Once mounted and pressurized to 40 mmHg, basal tone and constriction in response to cumulative addition of apamin (300 nM), TRAM-34 (1.0 μM), and L-NNA (0.1 mM) were determined, as previously described [23] . These compounds specifically inhibit SK and IK channels in endothelium and eNOS, respectively. Glucose concentration was adjusted in the bath solution so that it matched the animals' glucose, determined at the time of euthanasia.
Data Calculations
Vascular tone was calculated as a percent decrease in diameter from the fully relaxed diameter in papaverine by the equation: (1−(ftone/fpapav))×100%; where ftone is the diameter of vessel with tone, and fpapav is the diameter in papaverine. Percent constriction was calculated as a percent change in diameter from baseline by the equation: (1−(fdrug/fbaseline))×100%, where fdrug is the diameter of vessel in either apamin, TRAM-34, or L-NNA, and fbaseline is the diameter prior to giving the drug.
Statistics
Results are presented as mean ± SEM. Differences between groups were determined using one-way analysis of variance with a post hoc Student-Newman-Keuls test for multiple comparisons, where appropriate. Differences in water content between contralateral and ipsilateral hemispheres were determined using paired t test.
Drugs and Solutions
All experiments were conducted using Krebs PSS (a bicarbonate-based buffer aerated with 5% CO 2 , 10% O 2 , and 85% N 2 to maintain pH), and the ionic composition 
Results
Effect of Hyperglycemia on CBF
Hyperglycemia has been shown to affect perfusion deficit during MCAO and worsen stroke outcome [10] [11] [12] . We therefore measured CBF during MCAO and for 30 min of reperfusion using laser Doppler. Figure 1 shows changes in relative CBF during MCAO for hyperglycemic and normoglycemic animals. There was no difference in the depth of ischemia that was maintained for the duration of occlusion (2 h). Reperfusion resulted in recanalization in both groups of animals, with hyperglycemic animals tending to have higher flows after 30 min of reperfusion than normoglycemic animals (p=0.092).
Because laser Doppler is a relative measure of CBF, we wanted to know if hyperglycemia affected basal blood flow that could influence perfusion deficit and outcome. We therefore used microspheres in nonischemic hyperglycemic and normoglycemic animals. There was no difference in CBF between groups. Blood flow for hyperglycemic vs. normoglycemic animals at baseline was 81±6 vs. 73±8 mL per 100 g per min; p>0.05. These results suggest that hyperglycemia did not influence basal blood flow and that comparison of CBF between groups using laser Doppler is an accurate approach. Table 1 shows physiological parameters for animals that underwent MCAO and measurement of CBF with microspheres. All blood gases and pH were within normal ranges. Blood glucose was higher in the hyperglycemic animals, as expected. Hyperglycemic animals had smaller body weights than their normoglycemic controls.
Effect of Hyperglycemic on Cerebral Edema Formation
MCAO increased water content in the ipsilateral hemisphere compared to contralateral in both normoglycemic and hyperglycemic animals (Fig. 2) . Hyperglycemic animals had a significantly greater increase in water compared to normoglycemic animals, as seen by calculating the ratio of water between the two hemispheres (Fig. 3) .
Effect of Hyperglycemia and MCAO on Basal Tone and Endothelial Vasodilator Production
The function of penetrating arterioles was assessed prior to stroke in nonischemic animals and after MCAO in both hyperglycemic and normoglycemic animals by measuring basal tone and constriction to inhibitors of endotheliumdependent vasodilators. SK and IK channels have been shown to be expressed only in endothelium, and their activation is a critical step in EDHF responses [23, 28, 29] . Therefore inhibition of these channels interferes with EDHF production [28, 29] . A previous study demonstrated that penetrating arterioles constrict in response to channel inhibition, suggesting basal EDHF production in these arterioles that mitigates tone [23] . Similarly, inhibition of eNOS with the L-NNA causes constriction in these and other cerebral vessels, suggesting basal NO production that also contributes to vascular tone [23, 24, 30] . Constriction in response to these inhibitors is a common approach to assessing basal production of vasodilator [21] [22] [23] [24] 30] . Figure 4a shows percent tone under basal conditions and after addition of apamin, TRAM-34, and L-NNA in normoglycemic animals that were nonischemic and after MCAO. Penetrating arterioles under nonischemic conditions had considerable basal tone (51±5%) that was somewhat diminished by MCAO (38±3%; p<0.05). Addition of apamin caused constriction in both groups of arterioles that was greater after MCAO. In fact, apamin restored tone in penetrating arterioles after MCAO such that it was similar to controls (56±4% vs. 54±3%; p>0.05). Addition of TRAM-34 and L-NNA increased tone further in both groups. Figure 4b shows percent tone of penetrating arterioles in hyperglycemic animals under the same conditions. Similar to normoglycemic animals, penetrating arterioles had considerable basal tone (54±2%) that was diminished after MCAO (37±2; p<0.05). Also similar to normoglycemia, apamin caused constriction and restored tone in penetrating arterioles from hyperglycemic animals after MCAO such that it was not different from nonischemic arterioles (57± 2% vs. 52±3%; p>0.05).
There was no difference in basal tone or constriction to inhibitors between normoglycemic and hyperglycemic animals under nonischemic conditions or after I/R. However, there was a significant increase in constriction to SK channel inhibition with apamin after I/R in both normoglycemic and hyperglycemic penetrating arterioles. Figure 5 shows the percent constriction to apamin, TRAM-34, and Penetrating arterioles had considerable basal tone that was increased with addition of apamin, TRAM-34, and L-NNA. There was no difference in tone between normoglycemic and hyperglycemic animals prior to MCAO. However, after MCAO, arterioles had diminished tone that was restored by apamin, suggesting that ischemia and reperfusion activate these channels. There was no difference in tone after MCAO between normoglycemic and hyperglycemic animals. *p<0.05 vs. nonischemic L-NNA in normoglycemic (Fig. 5a ) and hyperglycemic ( Fig. 5b) animals. Notice that similar to our previous study [23] , SK and IK channel inhibition with apamin and TRAM-34 caused constriction in all groups of arterioles, suggesting that these arterioles possess basal EDHF production that mitigates basal tone. In addition, constriction to apamin was significantly increased after MCAO in both normoglycemic and hyperglycemic animals, suggesting that I/R diminished tone through activation of these channels. It is worth noting that percent constriction was calculated from the baseline diameter after cumulative addition of inhibitor in order to limit the number of animals used. Thus, it is possible that TRAM-34 would have produced a similar constriction as apamin if given first. In any case, SK and IK channels appear to be basally active in penetrating arterioles, an effect that is increased with I/R.
Discussion
The present study investigated the effect of hyperglycemia on reperfusion blood flow and the function of penetrating (lenticulostriate) arterioles before and after MCAO. We found that prior to MCAO, hyperglycemia had no effect on CBF or basal tone of penetrating arterioles. Similar to our previous study [23] , arterioles from both groups of animals constricted to apamin, TRAM-34, or L-NNA, suggesting a significant influence of EDHF and NO in mitigating basal tone that was not affected by hyperglycemia. However, transient MCAO decreased tone in penetrating arterioles that was restored by apamin, suggesting that I/R decreases tone via activation of SK channels in the endothelium. The effect of MCAO on tone was similar between normoglycemic and hyperglycemic animals, suggesting that this effect was independent of glucose and more related to I/R. Lastly, we did not find any effect of hyperglycemia on perfusion deficit or reperfusion blood flow with hyperglycemia. These results suggest that after 30 min of reperfusion, hyperglycemia does not affect perfusion deficit, reperfusion blood flow, or endothelium-dependent vasodilator production in penetrating arterioles. Previous studies have shown that hyperglycemia increased perfusion deficit and impaired reperfusion compared to normoglycemic animals after longer durations of I/ R [10] [11] [12] . For example, Quast et al. showed increased perfusion deficit after 2-h ischemia with 2 h of reperfusion that positively correlated with blood glucose levels [10] . Kawai et al. also showed decreased reperfusion in hyperglycemic animals after 2 h of ischemia with 2 h of reperfusion [11] . In contrast, Gisselsson et al. found that hyperglycemia caused more severe tissue damage after 30 min of ischemia with 1 h of reperfusion [13] . These investigators did not find any effect of hyperglycemia on reperfusion blood flow, suggesting that metabolic derangements (e.g., lactic acidosis) contribute to brain injury after shorter durations of reperfusion. In the present study, 2 h of ischemia with 30 min of reperfusion did not affect perfusion deficit or reperfusion blood flow; however, it is possible that longer reperfusion would have an effect that was not seen at this time period of reperfusion.
The effect of hyperglycemia on stroke outcome with longer reperfusion appears to be related to reperfusion blood flow and not to an effect of glucose on CBF prior to MCAO. In the studies above, there was no difference between CBF and cerebral blood volume between hyperglycemic and normoglycemic rats measured in the contra- All vessels from all groups constricted to apamin, TRAM-34, and L-NNA, suggesting that basal EDHF and NO are produced in these vessels that mitigate tone. There was no difference in constriction between normoglycemic and hyperglycemic animals prior to MCAO; however, arterioles responded with greater constriction to apamin after MCAO. There was no difference in constriction after MCAO between normoglycemic and hyperglycemic animals. **p<0.01 vs. nonischemic lateral hemispheres [10] [11] [12] [13] . Similarly, the present study did not measure any difference in CBF prior to MCAO using either microspheres or laser Doppler. Numerous studies have measured CBF in response to acute hyperglycemia and diabetes and have shown increased [13, 31, 32] , decreased [25, 33, 34] , and no change with hyperglycemia [10, 11, 26] . The discrepancy between these studies is not clear, but may relate to how hyperglycemia was induced. For example, i.p. injection of glucose was shown to decrease CBF due to a change in plasma osmolality [25] . In addition, longer periods of hyperglycemia or diabetes may have effects on capillary integrity or vascular function that is not seen with shorter durations [35] . The present study investigated the effect of hyperglycemia on penetrating arterioles before and after MCAO because these vessels are the segment most involved in lacunar strokes, a subset of stroke that appears to benefit from moderate hyperglycemia. We found that there was no effect of hyperglycemia prior to stroke on basal tone or constriction to apamin, TRAM-34, or L-NNA. After MCAO, penetrating arterioles had decreased tone to a similar level in normoglycemic and hyperglycemic conditions. In addition, tone was similarly restored in both groups by apamin, suggesting that I/R activates SK channels to decrease tone and possibly increase flow to limit the perfusion deficit. It is worth noting that although tone was diminished in penetrating arterioles after MCAO, there was still considerable tone remaining in these vessels (37-38%). In fact, two previous studies did not find any significant difference in tone in these arterioles before and after MCAO, suggesting they are more resistant to I/R than upstream MCA that have been shown to be significantly affected by MCAO [23, 24, 36] . It also appears that similar to previous studies, EDHF responsiveness is prominent and preserved in these vessels after MCAO. This is in contrast to other vasodilators such as NO that have been shown to be significantly impaired after I/R [23, 24, 37] . In the present study, constriction to L-NNA was non-significantly decreased in both normoglycemic and hyperglycemic animals after MCAO, whereas constriction to apamin was significantly increased. Together, these results suggest that in penetrating arterioles, EDHF may be an important vasodilator under conditions in which NO is impaired. The prominent role of EDHF in penetrating arterioles compared to upstream vessels [23] , and its preservation during I/R that can maintain CBF, may be one reason why lacunar strokes are not worsened by hyperglycemia.
Other studies have found that hyperglycemia and diabetes have a significant effect on cerebral arteries, and most find decreased endothelium-dependent vasodilator production [38, 39] . However, to our knowledge, none have specifically investigated the effect of hyperglycemia on penetrating arterioles. While we found no effect of hyperglycemia on penetrating arterioles, it is possible that more severe glucose conditions would have an effect. Worsened stroke outcome has been shown to positively correlate with the severity of glucose in cortical stroke, and while patients with lacunar stroke were shown to benefit from moderate hyperglycemia, more severe hyperglycemia (<12 mmol/L) worsened outcome [15] . Future studies are needed to determine if more severe hyperglycemia affects penetrating arterioles in a way that could worsen stroke outcome.
In addition to an effect on penetrating arteriolar tone, MCAO caused a significant increase in brain water content in both normoglycemic and hyperglycemic animals. The increase in water content is likely due to vasogenic edema that occurs from blood-brain barrier disruption during reperfusion [40] . While there was no difference between normoglycemic and hyperglycemic animals in water content of the ipsilateral hemisphere, hyperglycemic animals had a greater increase in water compared to the contralateral side (Fig. 3 ). An increase in BBB disruption has been found consistently with both hyperglycemia and diabetes in stroke [35, 41, 42] , and it is likely that this difference would become more pronounced with longer reperfusion.
Conclusion
In summary, we have shown that preexisiting hyperglycemia prior to MCAO did not affect CBF or penetrating arteriole function, including basal tone or constriction to apamin, TRAM-34, and L-NNA. After MCAO, penetrating arterioles from both groups of animals had diminished tone that was restored by SK/IK channel inhibition with apamin and TRAM-34, suggesting that I/R activates these channels. The effect of MCAO was not different between normoglycemic and hyperglycemic animals, suggesting that this effect was due to I/R rather than hyperglycemia.
